In this paper, we describe how UV absorption measurements can be used to measure the flow rates of MOCVD reactants. This method utilizes the calculation of U V extinction coefficients by measuring the total pressure and absorbance in the neat reactant system. The development of this quantitative reactant flow rate monitor allows for the direct measurement of the efficiency of a reactant bubbler.
Introduction
Metal organic chemical vapor deposition (MOCVD) is widely used for the growth of highquality compound semiconductors. The quest for better control and reproducibility of thi s process has led to the development of a number of in-situ monitoring techniques aimed at quantifying reactant flow rates. Currently, an acoustic sensor for measuring reactant flow rates is E available commercially 1-It uses a measurement of the speed of sound to determine reactant concentration assuming a binary gas mixture. This technique is not capable of determining concentrations of multicomponent gas mixtures and in many cases can not determine reactant partial pressures quantitatively at low total pressures. Fourier transform infrared (FTIR) spectroscopy has been shown to be capable of identifying and quantifying precursor and deposition reactions within a CVD reactor 2-3. FTlR can be used to determine the concentration of metalorganics upstream of a reactor 4, and has the benefit of being chemical specific, which allows for its applicability to multicomponent gas mixtures 5. Alternativly W absorption has been demonstrated to be capable of direct measurement of partial pressures and therefore the flow rate of a given MOCVD source 7.
UV absorption spectroscopy has also been used to determine the relative concentrations of chemical intermediates in a reactor during the MOCVD process 6. Hydrogen or other carrier gases used in MOCVD are transparent in the far W, allowing for the direct measurement of reactant partial pressures in-situ at actual reactor operating pressures. UV absorption offers higher sensitivity than FI'IR in that the typical MOCVD reactants have UV molar extinction coefficients 10 to 100 times greater than those in the infrared. This allows for shorter path-lengths and the capability for quantitatively measuring the concentrations of more reactants in-situ than FTIR can.
Measurements can be taken over a wide range of total pressures (0.01 atm to 1 am) and dilution flow rates (0 to 30+ SLPM). Although the reactant absorption resonance's are spectrally broad compared to those in the infrared, they can still be used to determine the concentrations of multicomponent gas mixtures by utilizing multiple UV wavelengths and numerical regression techniques 8. The purpose of this paper is to explore the practical aspects of using UV absorption I measurements for real-time quantitative sensing of reactant partial pressures and reactant flow rates.
Experimental -(Apparatus & Calibration)
The optics setup is similar to one used previously 7. The W absorption apparatus, shown in Figure 1 , allows for the concentration monitoring of both ex-situ alkyl and in-situ hydride partial pressures. The alkyl UV cell is constructed of 3/4" 3 16L stainless steel tubing with mini conflat connections, MgF2 windows and is 100.6 cm in length. A substantial amount of the total reactor carrier gas flow is added to the alkyl line before the UV cell apparatus (necessitating the relatively long path length). The low alkyl partial pressures and short residence times prevent the windows from coating during UV measurements. A high-accuracy baratron is connected directly to the UV cell for reading the cell pressure and with the 3/4" diameter tubing. Hydrodynamically induced pressure drops down the length of the cell are considered to be negligible. A 40 W deuterium lamp is used in conjunction with a stable constant-cumnt power supply, as the source for broad-band UV light, with a demonstrated long term stability of k 0.1%. The light is collimated and collected using suprasil optics. A narrow optical axis through the cell is defined with irises. The light exiting the UV cell is focused onto the loopm wide slits of a 1/4 meter monochromator using 1024 element silicon diode array as the detector. We obtain precision within 0.005 absorbance readings, which translates into 1 to 5 tenths of a mTorr depending on what reactant we are measuring.
Routine reference measurements of I,, the light intensity without reactant, are used to account for any long-term drift in the instrumentation. A Tracor Northern 6500 OMA system is used to collect the data and compute the absorbance as a function of wavelength and time. Because hydrides used in a MOCVD growth are typically at higher partial pressures than alkyls, the absorption path length need not be as long as that for the alkyls. Thus, we can use the actual MOCVD chamber for the hydride "UV cell." A deuterium lamp is also used here as a source for broad band UV lighL The light is collimated and chopped prior to entering the growth chamber. The transmitted light is then focused onto a monochromator-photodiode assembly. The signal received by a lock-in amplifier is referenced to the chopper and then processed.
Quantitative determination of reactant partial pressures necessitates the measurement of the ratio of the transmitted light through the cell, If (with reactant present), to the incident light on the cell, I, (without reactant), at a single specified wavelength (or range of wavelengths).'The absorbance is defined as the log 10 ratio of these two measurements and can be expressed by Beers' Law, Eqn, 1, where E is the extinction coefficient (related to the absorption coefficient by &=cx/2.303) of the reactant at the given wavelength, C, is the concentration of the reactant, and L is the path length of the apparatus.
A dynamic range in absorption of between 0. I and 1.0 is to be preferred in order to obtain the greatest sensitivity to the reactant concentration. Picking the wavelength is important for obtaining precision in the measurements. Figure 2 presents the UV absorption spectrum of a number of MOCVD reactants as well as the UV emission spectrum of our deuterium light source. The wavelength chosen for the flow rate analysis must exhibit sufficient overlap between the light source emission spectrum and the reactant absorption spectrum. For all reactants except TMh, we chose 200 nm. To calibrate the Beer's law analysis, E must be measured for each reactant at the chosen wavelength. This was done by measuring the absorption of the neat reactant system. In the case of the alkyls, the bubbler was attached directly to the UV cell. Several freeze (at 77K then -9o"C), evacuation (to 5 x 10-7 Torr), and thaw cycles were conducted to obtain neat system. The cell was backfiied with reactant to a given pressure measured by a high accuracy baratron pressure gauge (100 Torr 0 sensitivity 0. l), and a UV absorbance measurement was taken. All absorbance versus total pressure plots were linear, over the pressure range studied. The absorbance plots were then fit though origin to yield values of the extinction coefficients presented in Table I .
Results
Using the calibrations based on the absorption of the neat system, measurements of the partial pressures of reactants in the diluted carrier gas stream are possible. The absorbance is directly proportional to the partial pressure via the calibration curve. Whiie optimally the partial pressures would be measured in the reactor itself so that aIl variances in flow r a t s areaccounted for, the hydrides and alkyl reactants are measured separately to eliminate overlapping absorbances.
Eqn. 2 is used to evaluate reactant flow rate, Fr , from the measured partial pressure of the reactant, Pry the total pressure in the UV cell, PTod-w, and the total carrier gas flow rate, Fcarrier. This expression is analogous to the bubbler flow rate expression.
However, there is no assumption concerning whether the gas is "saturated".
We carried out two different types of experiments to verify the reliability and reproducibility of the U V absorption measurements. First, the bulk c4rrier gas flow through the W cell was held constant, while the H2 bubbler flow through the TMGa bubbler was varied from 5 to 45 sccm. The bubbler temperature and over-pressure were also held constant at -9 . X and 501.6 Torr. The flow rate of TMGa was calculated assuming idealized bubbler operations l4 and compared in Figure 3 to the UV absorption measured flow rate obtained from Eqn. 2.
The bubbler calculations are reported utilizing two different vapor pressure formulas: one from Morton International's catalog'o and the other from a vapor pressure formula determined by C.
Plass et aL9. We obtained much better agreement of the UV measurements using the vapor pressure determined by the latter. A measured 2.5% fall-off in TMGa flow rate with predicted flow rates may be due to bubbler inefficiencies. A further systematic analysis of the errors in the experiment are required however, before this level of experimental accuracy can be claimed.
The second type of experiment for checking the validity of the UV cell measurement held all of the TMGa bubbler conditions constant, while varying the carrier gas dilution flow through the UV cell. This has the effect of changing the reactant partial pressure and the total pressure in the UV cell. The mole fraction of reactant in the UV cell can be expressed by Eqn. 3.
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For analysis, it is better to plot Ghe3, in order to obtain a fit to a line, with a slope &pal to the inverse of the TMGa flow rate. Three experiments were carried out using three different H2 bubbler flows: 10,25 and 40 sccm. No systematic errors were observed in the data. The TMGa flow rates were calculated by fitting the inverse of Eqn. 3. The TMGa flow rates calculated for the three different bubbler flows were then compared to the data from the first experiment. Figure 3 is the data from these experiments as well. As can be seen, the agreement of the data is very good, differing by less than 1%.
The Same set of experiments were carried out for TMAl, initially assuming that the compound exists as a dimer. However, it was found that the UV measured flow rates were 33% larger than the values calculated using the vapor pressure formula. Moreover, the qiMe6 versus H2 carrier gas flow rate curves showed systematic deviations from linearity. To explain this discrepancy required further investigation of the equilibrium concentration of the monomer to bridged-dimer form of TMAl. The thermodynamic function for the dimer to monomer transition has been measured at 100 to 130°C range to be equal to AHo = 20.67 kcal mole-'and AS, = 50.71 cal mole-' K-' 11-l? Eqn. 4 can be used to calculate the Sccm versus the idealized bubbler calculation of 0.5612 sccm, a 5% discrepancy. Whether this is due to bubbler inefficiencies or due to experimental artifact will have to await a more careful analysis, including an accurate measurement of the vapor pressure and an independent measurement of the monomer and dimer W extinction coefficients.
Summary
In-situ UV absorption has been found to be a reliable technique for determining reactant concentration with good precession . We have taken spectra of a number of reactants, and extracted the extinction coefficients for a given wavelength of AsH3, CC4, t-BAs, TEGa, TMAA, TMAl, TMGa and TMIn. We have measured partial pressures of reactants from 5 to 74 mTon which have been diluted with carrier gas flows of 5 to 28 L. These partial pressures are then used to calculate reactant flow rates. We have observed bubbler inefficiencies and vapor pressure formula discrepancies in TMGa. Finally, discrepancies found using the UV absorption technique Three different experiment were the TMGa bubbler flow was held constant and the carrier gas dilution flow was varied.
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